event in this region, with a volcanic explosivity index (VEI) of 8, occurred between 69,000 and 77,000 years ago at Toba volcano on the Island of Sumatra, less than 50 km southeast of Sinabung.
Mount Sinabung is a stratovolcano in the northwestern part of the Island of Sumatra in Indonesia (Fig. 1a) . The volcano was formed during the Pleistocene to Holocene and consists of andesitic and dacitic lavas. Sinabung's 2,460-m-high conical structure has four overlapping craters (Global Volcanism Program) . It is mostly covered with dense vegetation and only the top of the volcano is free of vegetation ( 
According to the Center of Volcanology and Geological
Hazard Mitigation (CVGHM), the ash plume, over the duration of this eruption, reached a maximum height of 5 km above the crater floor on the 7th of September.
The volcano remained dormant for another three years before erupting again on the 15th of September, Korean Journal of Remote Sensing, Vol.33, No.1, 2017 -3 8- The size of Sinabung volcano and the frequent and complex nature of its eruptions make it difficult to study the deformation that is occurring here using traditional methods that require surface based instruments. InSAR is an efficient method for measuring surface deformation over large areas (Massonnet and Feigl, 1998; Rignot, 2008; Ng et al., 2009; Lu et al., 2009; Jung et al., 2013a) , and has been applied worldwide in the study of volcanic deformation (Pritchard and Simons, 2004; Lu et al., 2010; Lu and Dzurisin, 2014; Chaussard and Amelung, 2012; Ebmeier et al., 2010; Philibosian and Simon, 2011; Furuta, 2009 We applied a small baseline subset (SBAS) InSAR technique (Berardino et al., 2002; Lee et al., 2011) to estimate time-series surface deformation using a multiinterferogram processing approach (Rignot, 2008; Pan and Tang, 2010) . Atmospheric artifacts are reduced
Monitoring Mount Sinabung in Indonesia Using Multi-Temporal InSAR -3 9- through spatio-temporal filtering after the mean deformation is obtained (Jung et al., 2013b) and iterative processing can further improve the time-series deformation estimates (Lee et al., 2011) . When using this algorithm, the deformation for a specific time period can be calculated more precisely by minimizing all error components (Lee et al., 2012) . This technique of a refined SBAS time-series analysis can successfully measure deformation with an error of 0.2 to 0.9 mm in the temporal domain and a root mean square error (RMSE) of 0.66 mm/yr in the spatial domain (Lee et al., 2012) .
Data processing
We initially applied InSAR processing to our SAR dataset, and then carried out the SBAS processing and stacking to characterize the surface deformation of the Sinabung volcano in spatio-temporal domain. Using twenty ALOS/PALSAR images from the 20th of February, 2007 to the 16th of January, 2011 (Table 1) , we generated 39 interferograms (Fig. 3) . -4 0- •Perpendicular baseline (m): calculation perpendicular baseline information of Master (M) image corresponding to Slave (S) images respectively. 
Results
An averaged surface deformation rate map (Fig. 5) was generated from 39 interferograms using SBAS This suggests that the inflation at Sinabung was constrained within a radius of about 500 m from the volcano summit. The time-series surface deformation generated by SBAS processing includes two noticeable fluctuations around early and late 2008 at the summit (P(1) in Fig. 6 ) compared to the stability at other selected points (P(2), P(3), and P(4) in Fig. 6 ).
This phenomenon may have been caused by the depressurization of the magma chamber due to periodic volcanic degassing at the summit of Sinabung. In accordance with this analysis, surface deformation of the summit area steadily increased from the period of -4 2- Fig. 5 . SBAS-estimated mean surface deformation rate map over high coherence areas (>0.4) exploiting the SAR dataset from 2/20/07 to 1/16/11. P1 represents one of highest deformation areas in the summit. P(2-4) were selected for comparison with a major deformation area (P1). P2 is an additional point separated from the summit area of Sinabung mountain. P(3-4) are far from the summit point P1 within the Sinabung mountain area. sensor, after the August-September 2010 eruption events. Such a large deformation could be due to a combined effects of depressurization of the shallow magma reservoir due to cooling, and thermo-elastic contraction and poro-elastic settling of eruptive deposits (e.g., Lu et al., 2005; Wadge et al., 2006; Lee et al., 2008; Poland, 2010) .
Discussion and Conclusion
The SBAS technique was used to precisely estimate (Kriswati et al., 2014) .
This study shows how the use of InSAR and timeseries technique can facilitate the monitoring of dynamic processes on especially hazardous volcanoes.
The spatially dense measurements of surface deformation help constrain the causes of the observed deformation and the magma plumbing system.
Continuous monitoring of ground deformation at
Sinabung and other volcanoes worldwide will help reduce volcanic hazards.
